The applications of Gy's 
Introduction
Sampling theory of broken material ores cannot be mentioned without a direct reference to Gy's fundamental contributions (Gy, 1998) . According to Minnnitt (2007) apud François-Bongarçon (1998) , the fundamental sampling error (FSE) is the smallest achievable residual average error, because of the physical and chemical composition as well as the particle size distribution. FSE can be determined by Gy´s formula, applicable to all kinds of ore (Equation 1):
Where Ms is the mass of selected sample, ML is the mass of the original lot, c is the mineralogical factor, f is the shape factor, g is the granulometric factor, l is the liberation factor and dN is the "top size". Furthermore, the formula allows the calculation of the minimum sample mass to represent a lot for a maximum variance. The experiments developed to
The application of sampling theory in bauxite protocols 2. Methodology (2) 
Heterogeneity test (HT)
Initially, a 500 kg sample representing the typical aluminium ore was selected at the mine, then crushed and screened in four size fractions: "-38.1 mm +25.4 mm"; "-25.4 mm +12.7 mm"; "-12.7 mm +6.3 mm"; "-6.3 mm +1.2 mm". For each size fraction, 50 groups of at least 50 fragments each, collected one by one at random, were selected. Once samples were weighted and analyzed, the mass Mq and grade aq for each group of fragments, as well as the average masses Mq and weighted average grades aQ were calculated according to Equation 3 (Koyama et al., 2010) .
The estimated constant factor of constitutional heterogeneity, EST IHL, was calculated according to Equation 4, for each of the four size fractions. These factors generate a regression line calculated using the four resulting points, which allows estimating the parameters K and alpha of Equation 2 (Pitard, 1993) .
(4)
The heterogeneity test allows the experimental calibration of the sampling constants K and alpha, which must be calibrated for each particular ore at a particular grade.
Sampling tree experiment (STE)
The sampling tree experiment proposed by François-Bongarçon (Minnitt (2007) apud François-Bongarçon 1995 and 1998) follows a detailed analysis of the application of Gy´s formula to determine the fundamental sampling error. A representative 60 kg sample was collected at the mine. The primary crushing stage using a jaw crusher reduces the ore nominal size to a uniform 95% passing 25.4 mm. One quarter of the total lot is split out and forms the first nominal size fraction. The remainder of the ore is then crushed to 95% passing in 6.3 mm and the lot is then split into three equal portions. One of these portions is set aside and constitutes the second nominal size fraction. The remaining two fractions are recombined, crushed to 95% passing 2.0 mm and split into two portions of equal mass. One portion is set aside as the third nominal size fraction and the remaining one, crushed to 95% passing 0.1 mm, composes the fourth nominal size fraction. This procedure generates four portions of more or less equal mass, about 15 kg. Using a riffle splitter, each of these portions is now split into 32 sub-samples per fraction. All samples are weighted and chemically analysed. According to Minnitt et al. (2007) , the form of Gy´s equation can be changed by taking the logarithms of both sides, transposing to Equation 5.
(5) estimate the sampling constants K and alpha of Equation 2 are described as follows, where K is a specific constant to a given ore type at a given grade, and alpha, is the exponent of original Gy´s cubic formula
Segregation free analysis (SFA)
Both the heterogeneity test and the sample tree experiment suffer from weaknesses that cast suspicion on the derived values for K and alpha. Minnitt et al. (2011) proposed a new test called segregation free analysis (SFA). The nominal (average) fragment size, dN, for a fragment passing between two screens is given by Equation 6, where USS is the upper screen size and LSS is the lower screen size.
(6)
The material, 300 kg of crushed bauxite collected from many cuts in the sampling station, was classified at 14 size fractions: "-38.1 mm +25.4mm", "-25.4 mm +12.7mm"; "-12.7 mm +6.3 mm"; "-6.3 mm +1.4 mm"; "-1.4 mm +0.84 mm"; "-0.84 mm +0.60 mm"; "-0.60 mm +0.5 mm"; "-0.5 mm +0.3 mm"; "-0.3 mm +0.23 mm"; "-0.23 mm +0.15 mm"; "-0.15 mm +0.10 mm"; "-0.10 mm +0.07 mm"; "-0.07 mm + 0.05 mm"; "-0.05 mm + 0.03 mm".
Each size fraction was split using a riffle splitter into a series of 32 samples and sent to the chemical laboratory. The variance of the sample series associated with each fragment size was calculated and plotted to produce a straight line
The granulometric factor g is replaced here by g', where g' = g'(r) is read off the curve of granulometric factor g' vs ratio r = d MAX /d MIN , for closely screened materials.
The liberation factor is the transition between the liberated, calculable variance, to the non-liberated one given by Equation 8.
Equation 9 results from substituting Equation 8 in Equation 7 and taking the log on both sides. The linear regression built using the 14 resulting points gives the sampling parameters K and alpha. 
Results and discussion
EST IHL was calculated using Equation 4. Table 1 shows the results of EST IHL for each fragment size (shown in cm). The granulometric factor for calibrated material is 0.55 (Gy, 1998) . According to Figure 1 , the estimates for K and alpha are 0.0638 and 2.34 respectively.
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Sampling tree experiment (STE)
The alumina content and the sample masses were submitted to a statistical treatment as described by Minnitt et al. (2007) and are presented in Table 2 . 
Heterogeneity test (HT)
ln
Segregation free analysis (SFA)
The alumina content and the sample masses for the 14 size fractions were submitted to a statistical treatment as described by Minnitt et al. (2011) and are presented in Table 3 Comparison between sampling protocols using HT, STE and SFA Table 4 shows the values of Gy's factors (Pitard, 1993 ) for Juruti's bauxite according to Equation 1. Table 4 Factors used in Gy's relative variance equation Table 5 shows the sampling and sample preparation protocol for Juruti's mine and the relative standard deviation of the fundamental sampling error (last 4 columns, in %), s FSE , of each stage using Gy's factors (Gy,1998) Table 6 Minimum sample masses (Ms) for the primary sample at the mine This paper presented a comparison of different methods to estimate the variance of the fundamental sampling error, minimum sample masses and the sampling parameters by different methods. An appropriate sampling protocol for any type of ore requires experimental test work in order to determine the deposit's heterogeneity. The heterogeneity test (HT) has been used for several decades and has proved to be an excellent method to calculate the minimum representative sample masses and to optimize sampling protocols during the beginning of mining projects and during operation as well. However, the new proposed tests show significant differences which should be taken into account. The comparison between the results of STE and SFA shows the relationship between the fundamental sampling error and the grouping and segregation error. SFA was developed aiming to eliminate the residual grouping and segregation variance which biases the calibration curve and should present smaller variances than STE. However, for higher diameters, SFA presents higher values of s2SFE, suggesting that the fundamental sampling error makes the most important role for coarser particles. Based on the results, the company decided to adopt the segregation free analysis for defining its sampling protocols due to two major reasons: (1) the SFA proved to reduce the grouping and segregation error and (2) the SFA presented higher minimum sample masses than the heterogeneity test, making this method safer than the HT with respect to the representativeness of samples. The results showed that optimizing sampling protocols is not a simple task and more than one experimental test should be performed to confirm what the minimum sample masses should be. This paper is a study for bauxite and may be not applicable to other types of ore. The authors highly recommend other companies to compare the different approaches and define the most suitable for their operations. 
Conclusions

